Infrared computed tomography (IRCT) is a promising, non-contact, nondestructive evaluation tool used to inspect the mechanical integrity of large structures. We describe on-site, proof-of-principle demonstrations of IRCT to inspect defective metallic and composite structures. The IRCT system captures time sequences of heat-stimulated, dual-band infrared (DBIR) thermal maps for flash-heated and naturally-heated targets. Our VIEW algorithms produce co-registered thermal, thermal inertia, and thermal-timegram maps from which we quantify the percent metal-loss corrosion damage for airframes and the defect sites, depths, and host-material physical properties for composite structures. The IRCT method clarifies the type of defect, e.g., corrosion, fabrication, foreign-material insert, delamination, unbond, void, and quantifies the amount of damage from the defect, e.g., the percent metal-loss from corrosion in metal structures, the depth, thickness, and area! extent of heat damage in multi-layered composite materials. Potential long-term benefits of IRCT technology are in-service monitoring of incipient corrosion damage, to avoid catastrophic failure and production-monitoring of cure states for composite materials.
Dynamic, em issivity-corrected, dual-band infrared thermography
The Lawrence Livermore National Laboratory has pioneered applications of dynamic, emissivity-corrected, dual-band infrared (DBIR) thermography. 715 This method quantifies corrosion, e.g., percent metal-loss, within flash-heated aairframes, by mapping subtle heat flows from deep structural defects. Compared to SBIR methods, the DBIR methods provide from five-toten-times improved signal-to-noise ratios, and better interpretability of subtle heat flow anomalies from deep structural defects. Improved temperature contrast, clutter removal, and quantification of material losses, are features of the DBIR methods that clarify interpretation of defect sites and classify defect types.
DBIR high contrast temperature and emissivity-noise maps
Using DBIR image ratios, e.g., from DBIR cameras which scan flash-heated targets at infrared wavelengths of 3-5 im and 8-12 tim, we enhance surface temperature contrast. Also, we remove the mask of surface emissivity clutter, e.g., from dirt, dents, markings, tape, sealants, uneven paint, paint stripper, exposed metal and roughness variations. This clarifies interpretation of subtle heat flow anomalies associated with hidden defects and corrosion. We compute DBIR image ratios of high-contrast temperature (T5), and emissivity-noise (E-ratio) maps, based on an expansion of Planck's radiation law, 16
which we have applied successfully for several different applications: 17-22
The results of the expansion are:
I; . eT501 (1) where I is the intensity at a given wavelength, e is the emissivity at that wavelength, T is the absolute temperature in Kelvin and . is the wavelength in micrometers. We can obtain high-contrast normalized temperature maps by computing DBIR image ratios for a greybody surface where e = elo: 
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We can obtain normalized emissivity-noise maps by computing the DBIR emissivity ratios to contrast non-greybody features:
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15 e5T1°e 5 where SW is the short-wavelength intensity (e.g., 15), SWay is the average value of the pixels in SW, LW is the long wavelength intensity (e.g., Ii) and LWav is the average value of the pixels in LW.
Thermal inertia mapping for airframe corrosion damage detection
We developed thermal inertia maps, which have been used previously for other applications, 23,24 by solving the heat transfer equation for a thick panel with an instantaneous surface heat flux: 25 q ( 2"
where T is temperature, x is the distance from the surface, k is thermal conductivity, p is density, c is heat capacity, a is thermal diffusivity, t is time and q is the surface heat flux. For a semi-infinite solid approximation, the surface temperature is proportional to the inverse square root of time. In practice, we map the target composite thermal inertia, (kpc)1, based on the inverse slope of the surface temperature versus the inverse square root of time. Thermal inertia maps characterize the bulk thermal properties of metal and multi-layered composite structures. Composite thermal inertia maps characterize shallow target defects at early times and deeper target defects at late times. They depict the depth of corrosion-related thickness losses in metal targets and the defect type, e.g., implant, void, or delamination, and depth in multi-layered composite structures. We use a patented infrared computed tomography (IRCT) method with a uniform pulsed heat load. We measure the dynamic temperature, temperature-timegram (cooling rate) and thermal inertia variations, after the arrival of a 4.2 millisecond duration heat flash. Using image ratios for the two infrared wavebands, we create both enhanced temperature contrast and emissivityratio maps. These maps enhance the surfe temperawre contrast associated with anomalous heat flows at target defect sites. They improve the signal-to-noise ratios, decrease the effects of non-uniform surface heating, and remove the surface cluuer, e.g., uneven paint, dirt, tape marks, and roughness variations, which obscure defect signawres.
The IRCT system reconstructs defect sites and depths in three dimensions from time-sequences of dual-band infrared thermal maps for flash-heated and naturally-heated targets. LLNLIVIEW code algorithms produce coregistered thermal, thermal-inertia, and thermal-timegram (cooling-rate) maps needed to quantify corrosion damage for airframes and to characterize defect sites, types, depths, and host-material physical properties for composite structures. The IRCT method clarifies the type of defect, e.g., corrosion, fabrication, foreign material insert, and quantifies the damage, e.g., percent thickness-loss from corrosion.
Dynamic thermal maps used for IRCT reconstructions
Using high-contrast temperature, timegram (cooling rate) and thermal inertia maps, (1) we quantified percent metal loss from corrosion; (2) we chanKterized defect types, sizes, thicknesses and depths; (3) we removed potential false calls produced by surface irregularities, non-uniform heat sources, ripples, patches, sealant globs, and insulation; and (4) we used time-varying sequences of thermal, thermal timegram (cooling-rate) and thermal-inertia profiles, as two-dimensional (2D) time slices (tomograms) for IRCT reconstructions to image target defects in three-dimensional (3D) spae.
Calibrated temperawre maps measure the percent metal-loss damage from corrosion. Timegram cooling-rate maps, e.g., sequences of time-resolved linescan thermal profiles, measure the dynamic pulsed thermal response of the target material. Thermal inertia maps are needed for infrared computed tomography (IRC1) reconstructions to characterize defects in all three spatial dimensions. Early-time thermal inertia maps identify shallow, near-surface irregularities, e.g., paint, rivets, and sealant globs. Late-time thermal inertia maps identify deeper, interior and far-surface, irregularities, e.g., corrosion-loss defects, unbonds, and far-surface insulation. Thermal inertia maps image thermal property differences for bulk materials and provide depth information about the host target material and subsurface defects.
Pulsed thermal analyses characterize target defects without assuming thermal waves
Target defects were charterized by their location, depth, and cooling rate signatures, when these signatures contrasted with those of the host materials. Algorithms were developed to correct for uneven flashlamp heating and to produce co-registered thermal, emissivity and thermal inertia maps. These maps identified and removed false (corrosion-loss) calls. We used pulsed thermal analyses, since we saw no images to support the assumption made by some thermographers that a 4.2-millisecond pulsed heat source would produce thermal waves. We typically imaged sixty sequential timegram (cooling rate) maps, derived from linescan temperawre profiles, at 0 to 4.8 seconds after the peak of the flash. The cooling-rate maps for the approximate thirty metal and composite targets which we studied, had no apparent wavelike behavior.
INTERPRETABILITY OF RESULTS

Corrections to measure heat flows from hidden, subsurface defects
In Figure 1 , we used the VIEW image processing code to correct for hot spots from non-uniform pulsed heat sources. We developed correction algorithms for a uniformly-thick (1 mm) aluminum panel and tested them on a known reference standard with gradual thickness variations from about .8 mm, at the center, to 1 mm at the perimeter. The non-uniform heat source produced a 1°C surfe temperature rise for a 13.0 % (uncorrected, at left) and 15.8 % (corrected, at right) thickness reduction. The corrected, compared to the uncorrected, metal-loss per degree Celsius was larger by 22%.
Corrosion metal-loss defects in airframes
Since we typically do not know the thicknesses of the various layers within most multi-layered targets, it is not always possible to correct for non-uniform heat sources. A uniform pulsed heat source was developed by Bales Scientific Inc. We borrowed this heat source and high-efficiency, high-reflectance hood. This saved us substantial time and monies needed to achieve quantitative, e.g., percent corrosion metal-loss, aircraft corrosion-damage measurements at the FAA/AANC Aging Aircraft Nondestructive Inspection Center at Sandia Laboratories in Albuquerque, New Mexico. With the borrowed equipment, we reduced errors associated with metal-loss calibrations by a factor of ten (e.g., from 20 or 30 percent to 2 or 3 percent, and saved the time associated with applying the non-uniform heat source correction algorithms to obtain quantitative results.
In addition to source-uniformity and emissivity-noise corrections, we must tag and remove, fabrication, repair-site and preparation irregularities (e.g., from sealant globs, production ripples, doublers, patches and insulation pads) which could obscur the sites of major siructural defects. Corrections were made using dual-band infrared (DBIR) methods to distinguish metal-loss defects from other target irregularities. Based on the Tinker AFB studies, conventional SBIR thermal imaging methods located about as many false as true corrosion-loss defects. 6 The IRCT method identifies major structural defect sites and removes minor defect sites which pose no threat to the aircraft structural integrity. This potentially reduces repair costs, e.g., by a factor of two, by eliminating false calls which occur about 50% of the time.
Using the dual-band infrared (DBIR) ratios of Equations 2 and 3, we produced high-contrast temperature maps and emissivitynoise maps. These maps removed reflected JR backgrounds and emissivity noise from surface clutter (tape marks, dirt, uneven paint, stains, roughness variations). Both noise and heat flow signals from subsurface defects appeared on the SBIR apparent temperature maps. After removing the non-uniform heat source effects, and the emissivity-noise, only the heat flow signals, e.g., from shallow to deep subsurface defects, appeared on the corrected, high-contrast, DBIR temperature maps. To emphasize small temperature differences, temperature values were off scale on the timegrams at less than .04 s. Note the spot temperatures at defect sites #1 and #2, which are typically warmer than the spot temperatures at normal sites, without defects, e.g., #3. Figure 3 shows similar thermal patterns for the SW and LW apparent temperature maps, and the high-contrast DBIR temperature map, which differ significantly from the emissivity-noise map. This is to be expected when, as is customary, the panels are painted black. The black paint allows the target to absorb about six times as much heat, compared to the absorbed heat for unpainted (bare-metal) aluminum targets, since bare metal targets are highly reflective.
Boeing KC-135 panel temperature, timegram and thermal inertia maps
Figures 4 and 5 trace the dynamic and thermal inertia signatures of shallow excess sealants, e.g., at site #1, and corrosionloss defects, e.g., at site #2. In Figure 4 , at times less than .15 seconds, site #1 is warmer than site #2, and both arewarmer than site #3. At times more than .15 seconds, site #2 is warmer than site #1. In Figure 5 , early-time thermal inertia maps, at .08 to .3 s after the flash, tag shallow sealant globs within the lap splice (left of center), while late-time thermal inertia maps, at .9 to 1.6 5 after the flash, tag deep corrosion, e.g., metal-loss thinning (right of center).
Interpreting airframe bulges as "pillowing" from expansion of corrosion by-products is highly subjective. Visible indicators of surface bulges vary only slightly for different types of material defects (e.g., corrosion by-products, sealant globs, shallow inserts, insulation wads and production ripples). We interpreted the type of material defect with greater objectivity, by measuring the dynamic pulsed-thermal and thermal inertia responses. This improved the precision, definition and interpretability of our defect-type characterizations for the Boeing KC-135 panel shown in Figure 4 and Figure 5 . At left, the uncorrected and at right, the corrected 8.12 urn temperature differences, in °C, for the calibrated reference standard. 
SUMMARY AND CONCLUSION
We demonsirated a fast, non-contt, ND! method to quantify airframe corrosion damage, e.g., percent metal loss, above a threshold of 5%, with 3% calibration uncertainües. It has been used successfully to characterize defect types, and their respective depths, in multi-layered composite materials used for wing patches and doublers. The dual-band infrared, computed tomography method has potential to provide assurance of stnxtural integrity for airframes, composite doublers and pipelines. 
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